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It has fref|iiently lieen ob>c*r\A‘(l that cells nia\’ show at different 
periods of their existence marked \Mriations in snsceptibilit\' to 
radium radiations. An einbrxonii' I'ell is more quickly injured 
than the s.nne cell in the adult condition: at the metaphase, 
cells are more sen>itiee than the\' are iinmediateh* l)efore or 
after that brief period (i). Bohn fj) tir>t >utt.Lcested that the un¬ 
derlying^ (MUse of MK'h differences in re'-ponse must be sou.eht in the 
physioloj^ical condition of the celU at the time of radiation. That 
they cannot be due to i haiii^es in the absorpti\ e power of jKOto- 
plasm is ob\i(»us: whether .i (ell is '-ensiti\e or not, the rays are 
absorbed to the same extent. d'ht‘ actu.d changes produced by 
them in protoplasm mu>t therefore be the same. But the reac¬ 
tion of the cell to such changes differs immensely, W’e may 
therefore say that a cell is su^'Ceptible w hen it is in such a j)h\'sio- 
lo.cdcal condition that a ino(litication (>rodiiced by the ra\'s re¬ 
sults in a greater or less injnr\*. and that it is resistant when the 
same modification is not followed by injurious effects. 

d'he object of the present paper is to show' that amouK the con¬ 
ditions which affect the susceptibilit\' r»f cells to radium radia¬ 
tions are (l) the temperature of the cells at the time of expostire, 
and (2) the relati\*e |)enneability of the surface layer of the cell. 

I'he experiments to be described were carried out on certain 
Proto/oa, for these cells are better adapted to this kind of experi¬ 
mentation than an\' others. The>' can ii\’e in both high and low' 
temperatures without injtir\*: and different genera show' marked 
differences in permeability. Cells of the same species, even 
descendants of the same indi\ idtial, \'ary widely in their reaction 
to radium radiations at different j^eriods of their life c\'cle. 
Paramivcium is perhaps the best cell for experimental ptirposes 
since it is more susceptible than any other common t\'pe. 
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I will not here review tlie results obtained by other investi¬ 
gators who have tested tlie effects of radium radiations and X- 
rays on Protozoa. Different methods of exposing the cells lead 
to such wide variations in results that comparisons cannot safely 
be made. In general, however, cells which are sensitive to the one 
are also sensitive to the other tyi)e of radiation. Great differ¬ 
ences in the susceptibility of cells of the same species have been 
reported. Thus Zuelzer (3) states that Pelomyxa palustris when 
exposed to 6 mg. of radium element dies sometimes within one 
hour and sometimes only after four hours of continuous exposure. 
Such differences make any conclusion as to the length of the 
lethal dose out of the question. But with appropriate methods 
the lethal dose is found to be constant. 

Methods. 

The method used in the following experiments is this. The 
radium was enclosed in a glass capsule which prevented the alpha 
rays from escaping. In the cx])erimcnts on the relation of tem¬ 
perature and permeability to susceptibility, the strength equalled 
13.4 mg. of element. In the third series, on the change in per¬ 
meability induced by the radiations, the strength was 25 mg. of 
element. The radium tube was used unscreened and was sup¬ 
ported above the drop of culture medium at a distance of 2 mm. 
Thus all of the rays which emerged from the lower side of the 
tube could reach the cells. The whole preparation was kept in a 
moist cham!)er at the desired temperature. 

In order to determine what type of rays j^roduced the effects 
which are to be descril)ed, I interposed between the radium tube 
and the Paramcccia lead sheets of various thicknesses, thus filter¬ 
ing out the more penetrating rays. All of the beta rat s are 
stopped by 2 mm. of lead: the gamma rays are not affected. It 
became apparent at once that the changes produced in the 
Paramcccia were due to the action of the slowest beta ra}'s, for 
when a lead screen of 0.12 mm. was interposed the Paramcccia 
were affected hardly at all. This is to be expected, for the sur¬ 
face layer of the cells is wry thin and can absorb only those rays 
which ha\'e a low \’elocit)': it offers almost no resistance to rays 
having considerable j^iowcrs of penetration. 

In conducting these experiments it was found necessary to use 


SUSCEPTIBILITY OF CICLLS TO RADIUM RADIATIONS. 167 

only Paramcccia from a pure culture, for unrelated wild cells show 
great variations in their susce|)til)ility to the rays. Another 
necessaiA'condition has been mentioned b\" Jacobs (4), namely, 
that in each test the same amount of liquid must be used. 

The Reaction of Paramoxium to Radium Radiations. 

When a Paramcccium is e.xposed to radium radiations under the 
conditions described, it quickens its movements at first and then 
gradually slows down and ceases to swim unless the dish is shaken. 
Later the contractile vacuoles |)ul<ate more and more slowly and 
finally stc)p, usually in ihe expanded ('ondition. If radiation is 
lr)nger continued, a l\pl('al c\iol\'-is ensues. The cells imbibe 
water, swelling con‘'idercd>l\’ in con-‘e(|uence. and the ectoplasm 
bulges out in the form of clear \ e'-icle'- whi('h later run together, 
'riieii the pellicle sej)ar.ite'' from the re^l of ihe cell carr\ ing with 
it the ('ilia, 'flu* proto|)la‘-m i^ now highl\' tluid. At this time 
the macronucleu^. in ^t<iincd preparation^, is seen to be di\'ided 
into seN'eral parts. Not inire(|iieni 1\‘ the (ells burst xiolenth'. 
d'hese phenomena are in e\(T\ point similar to those which are 
obserwd when Piirin)uvi ium is ireale<l with a \'ariet\’of c>'tolytic 
agents, as (k-scribed by Budgelt (5 . llar\ey (U), and Jacobs (4). 

'I'm-: Ri:i \noN oi- 'ri \iri R\ri ri-. to Suscian iiuLiTV. 

Ixhodeiiburg and Prime (7 first pointed out that there is a defi¬ 
nite correlation between temperature and the susceptibility of 
cells when treaied with X-ra\-. In their experiments they ex¬ 
posed mouse s.irt'oma in \iiro at a temperature of 42° C. to a 
del'inile dose of X-ra\*s,an(l then inoculated healtlu' mice with the 
radiated celU. At this itaupenilure 10 per cent, of the inocula¬ 
tions failed to take. W’hen the cells were radiated at 43® C., 76 
peri'ent. of the inoculations failed. C'ontrol experiments proved 
that these temperatures <done tire not sufficient to produce this 
elTect. The combiiitition of high but sublethal temperatures 
with radiation was fi\e times as effective as radiation alone. 

Mamnitilian tissue cannot be subjected to w'ide variations in 
temperature, but the Protozoa can live normally at temperatures 
as low' as 15® C. and as high as 37® C. In the following experi¬ 
ments these were the limits employed. 

W’hen Parawaria are radiated at high temperatures, they sue- 
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Climb much more quickly than at low temperatures. The results 
are shown in the accompanying figure. An analysis of the curve 
shows that for each increase of about 8° C. the length of the 
lethal dose is halved. The curve is thus similar to that which 
expresses llie relation between temperature and the velocity of a 
great number of reactions both inorganic and physiological. 



Text-figure i. The effect of tempeiature on susceptibility. 


Snyder (8) cites more than fifty physiological reactions which con¬ 
form to this type of curve: Woodruff and Baitsell (9) show also that 
tile division rate of Paramecium aurelia varies similarly with 
changing temperature. 

The cells were not injured by these temperatures alone. While 
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the experiments were in progress the room temperature varied 
from 30"^ to 36° C. and the cultures flourished. Single lines of cells 
showed a steady division rate of about divisions per day. In 
the coolest temperatures the cells remained normal, and regained 
the usual division rate on being brought back into a wanner place. 

This increase in susceptibility at high temperatures is not due to 
any increased acti\'ity of the radiations, nor to an\* change in the 
power of protoplasm to absorb the ra\'s. The amount of radiation 
absorbed is determined b\’ the atomic con>titiition of protoplasm 
and this docs not \'ar\* maleritilly during changes in temperature. 
One of the condition‘d which \arie> with the temperature is the 
j)ermeabilil\of thecell membrane. llol)er (10) states that the per¬ 
meability of plant cells i^ doubled with each increase of 10° C., the 
cells being eight times as j)ermeable at 30° as the\' are at O® C. 
That Paramcvcia are more i)emie<ible in warm than in cold solu¬ 
tions ('an be ilemonstrated b\ >iaining them at 30° and 14° C. 
in neutral red. In the higher temperature the\* stain deeply: 
at the lower, lhe>' do not stain at all. W hether a change in per- 
meabililN’ is the onh* cause of increased sensiii\encss to radia¬ 
tions remains to be deinonstialed. 'I'hat it is an important 
factor is >h(A\n in the next section. 

1 'he Rli.viion of Pekmi-\iulitv to Susceptibility. 

d'he fact that c ells are most ^en'^iti\*e to radiations when their 
permeability i^ inc'reased by heat suggests that the two phenom¬ 
ena are related. I lere again the Protozoa are admirably adapted 
for testing this j)oiiu, for the i)ermeabilit>* of the cell membrane 
can be measured in the living coiulition. 'fhe method employed 
in these exiierimeiu.s i^ that followed by Harvey (6). A number of 
Paraniaria from a pure culture are drawn up into a capillary 
pipette which is calibrated so that exactly the same amount of 
liquid is taken in each experiment. The cells are stained for ten 
miiuiles in a solution of 0.02 per cent, neutral red mixed with 
10 cc. of tap water. At the end of this time the vacuoles at the 
posterior end cT the cells are a bright pink. The surrounding 
protoplasm is also colored. The neutral red in this dilution is 
not toxic, although in more concentrated solutions it produces 
cytohsis. 

The cells are now drawn up in a calibrated pipette and added 
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to exactly 2 cc. of ?7/i28o XH4OH solution. The amount of 
liquid thus added reduces the strength of the ammonia to 77/1300. 
The stained Paramwcia when put into this solution give first 
the avoiding reaction and quickly begin to lose color. The pro¬ 
toplasm, and later the gastric vacuoles, turn yellow, and finally 
become colorless. There is a wide variation in the rate at which 
the color fades in individual cells, some destaining in three or 
four minutes while others retain some pink color as long as ten 
minutes. In order to determine the average time for destaining 
the usual number of cells (about 40), I used the following method. 
The cells were observed, during their destaining, under a bin¬ 
ocular microscope and each one, as soon as it lost color, was re¬ 
moved and the time which had elapsed since its first entrance into 
the ammonia solution recorded. The following measurements, 
tyi)ical of many, indicate the rate of destaining. 

Para.mcecium DkSTAIN'ED IX «/I280 XII4OH. 

Minutes Elapsed. Xo. of Cells Destained. 



II. 6 


12. 5 

Total 45 A VC. 8.5 min. 

By this method the personal equation is greatly reduced since 
the observer cannot form any idea of what the average will be 
until the entire number of cells has been destained. Many tests 
on the same pure culture of Paramccciiini gave very constant 
results, the average time of destaining in tests carried out on the 
same day \’arying less than one lialf minute. Other lines of 
Parauiaria showed somewhat different averages but even here 
they differed from each other by not more than one and one half 
minutes. 

A study of Paramaxiuju cells at different phases of their life 
cycle shows that the permeability varies, being much greater at 
the time of conjugation than at any other period. Thus among 
four lines of cells in which conjugation did not occur, the de- 
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staining time varied from 7.8 minutes to 9 minutes. In a culture 
which was undergoing an epidemic of conjugation the pairs 
showed an average destaining time of 4.5 minutes. This culture 
was presumably not pure, and the pairs in their reaction to the 
ammonia showed a wider variation than was found in any homo¬ 
geneous grou]>. But the difterence in permeability between con- 
jugants and non-conjugaius was in every case large enough to be 
significant. 

Other Protozoa ditTer from Parama^ciuui in penneabilit\'. As 
Har\ey has pointed out, Stylonichia and Oxytricha are compara¬ 
tively impenneable. Indeed, after ten minutes in neutral red 
of the usual concentration the\' ha\ e taken up almost no color at 
all. The slain must act fnr twenty-fi\'e t(» thirty-five minutes 
before these cells are stained sufficiently for ex|K*rimental pur- 
|)oses, and e\en after this lime they are not as highly colored as 
PaniniaYiuni after ten minule>. 'I'he time retjuired for de¬ 
staining Stylofiii hiii \aries .somewhat in dilTerent cultures, but 
the a\’erage is a])pro\iinalel\ lnrt\* minutes. 

W hen the relatiw* permeability of these cells is com|)ared with 
the length ol their lethal ilose of radium radiations, we fiiul a 
close correlati(»n bel^^een the l^^o measurements: that is, cells 
which are relati\ely |)ermeable are cpiickly killed by the rays, 
while those which tire less >o are m»)re resistant. The following 
table indicates these rekitions. 

('(•MTARisoN t)i- nih Dksivimm, Timi-, \m) Lktiial Dosi: OF Kadicm Radia¬ 
tion^ at 27® C. 

Uesiaininn Time. Lcihal Do‘-c. 

f*aramaiium colU. S.D min. 3 liours 

conjiii»alini;. . . 4.5 min. 

^tyloniihia . 40. min. 15 liours 

It is evident therefore that the susceptibility of these Protozoa 
to rrfdium radiations varies directly with the permeability of the 
surface hiycr of the cell. 

d'liE Effect of Radium Radiations on the Cell Membrane. 

The question naturalK' arises, what is the reason for this corre¬ 
lation? The answer is to be found in the fact that the rays which 
arc absorbed produce in the cell membrane changes which lead 
to increased permeability. The experiments described below 
indicate the rate at w hich these changes take place. 
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In the following experiments the radium amounted to 25 mg. of 
element. The cells were exposed in the same manner as before, 
then stained in neutral red and destained in ?//i28o XH4OH. 
The accompanying figure shows the results of experiments per- 



Ticxt-figure 2. The effect of radiations on permeability. 


formed in one day. It is necessary to make many tests within 
the limits of a few hours for the cells vary somewhat in their 
reactions to these manipulations with changing conditions of 
food, etc. By using two tubes, each amounting to 25 mg. of 
element it was possible to perform two experiments simultane¬ 
ous!}^ and thus make seven or eight detenninations in a single 
day. The temperature in these tests remained uniformly at 
22° C. 

The control cells showed a slight increase in permeability after 
remaining in a small drop of culture medium for some hours. 
This however is not significant, for cells left as long as eight 
hours show practically the same reaction to ammonia as those 
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left for only two hours in a small drop. But the radiated cells 
display a marked shortening in the time required for destaining, 
or, in other words, they show a considerable increase in pennea- 
bilit3% the change beginning ver\' soon after the exposure to 
radium commences. At the end of four hours the cells are still 
alive but are for the mo^t part motionless. If the exposure is 
longer continued the cells die, >howing the characteristic signs of 
cytolysis. 

The second figure shows the result of a larger number of tests. 

Mours of Radiation 



Since they were made during the course of many weeks the con¬ 
trols \*aried somewhat, although on any one day they were very 
uniform. The time required for destaining is here given in per¬ 
centages of the control time which is reckoned as 100 per cent. 
The curve clearly indicates that the normal semi-penneability of 
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Paramccciiim increases progressively as the exposure is more and 
more prolonged. 

Some of the radiated cells were removed to separate drops of 
culture medium before treatment with the stain, and their 
division rate observed. Tliose which were exposed for one hour 
or a little less frequently showed a higher rate than the controls. 
This result has been described b\^ Markowits (i i) who studied the 
effect of mesothorium ra\’s on Paramecium. The acceleration 
can be observed for five or six generations, after which the cells 
return to normal and show no evidences of injur\L The same 
phenomenon I have observed in sea urchin eggs when lightly 
radiated (12). Indeed, a stimulation in the rate of growth is of 
general occurrence, ha\ang been noticed in the case of growing 
plants, embryos, tissue cultures, and abnormal tissue growths. 

From these facts we may conclude that the slowest beta rays 
increase the pemieability of the surface layer of Paramecium 
cells. If the exposure is brief, this change in penneabilit\’ is 
accompanied by an acceleration in the rate of cell di\ ision. If 
it is more prolonged, a destructive c>’tolysis ensues, and the cells 
die. 

Discussion. 

Radiations which are absorbed at the surface of the cell pro¬ 
duce definite changes which lead to an increase in permeabilit\', 
and, if the exposure is sufficiently prolonged, to complete cytol- 
ysis. For a definite dose, such changes must be the same in 
extent, regardless of the physiological condition of the cell, for 
the absorj)ti\'e power of protoplasm remains constant. Vet it is 
quite apparent that a given dose of radiation may result in no 
appreciable injury in certain instances, while in others it is 
followed by the death of the cells. This is clearK' shown in the 
text-figures. For example, at 22° C. radiated Paramecia under¬ 
go CN'toh sis, under the conditions descrilied, in fi\ e hours. From 
the beginning of the exposure to the death of the cell there is a 
stead\' increase in permeability. An exposure of half this dura¬ 
tion is followed by no permanent injury. Hut when cells are 
radiated at 30° C. they are cyloK'/ed after only two and one half 
hours. C\-lolysis occurs when the permeabilitx' of the cell has 
been raised abo\e a definite limit. If it is already high, due to 
high temperature or to f)ther conditions, the cytolytic action of 
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the rays quickly raises the permeability above the limit and the 
cell dies. But if it is low, the lethal point is reached only after a 
prolonged exposure. 

A similar phenomenon is observed in eggs exposed during dif¬ 
ferent phases of mitosis. At the metaphase their permeability, 
as shown b\' L\'on (13) and others, is notably greater than at any 
other period: so also is their susceptibilit)’. I have shown (12) that 
an amount of radiation which will induce a quickened cell di\'ision 
in sea urchin eggs, when applied just before or after the meta¬ 
phase, has a retarding efTeci when ai)|)lied at that period. That 
is, the cells are more >ensiii\e then th.in they are during the pro- 
|)hase or telophase of mitosis. 

The same results are obtaine<l when other cytolytic agents are 
Used in place of radium radi.itioii''. Lillie (14) fiiuL that if freshly 
fertilized sea urchin eggs, which are highly im|H‘rnu\d>le, are 
treated with liN’potonic sea w.iter thev r(*si-^i its <'ytol\tic action 
for thirty minutes. But if the\ are phu ed in this solution when 
the cleaxage furrow appears, the\ rapidK undergo iwnoK sis. 

It ap})ears po'-sible therefore that the susce|)libility of cells 
may be raised by the "simple <‘\|)edient of increasing their j)er- 
me.dalitx* by heat or by s(nne otiu r means. 'Phis h»is been done 
b\' l\ho(lenburg and I’riiiK* (7' in the experiments ahe.idx* ('ited. 
How far this meth<Kl can be Used in the treatment of abiiomial 
tissue growths remains to be demonstrated. 

The fact that agents which differ so widelv as do radium radia¬ 
tions anti lixpotouic sea w.iter produce the s.inie elTects under 
similar conditions suggests that the action of these r.ix’s, and also 
other tx pesof radi.int eiiergx, siu'h .is ultra-x iolet light .ind alph.i 
ra>s, is not ])eculi.ir to theiusehes. Indeed it max' be said ih.il 
anx' of the r.ixs xvhich .ire .ibsorbed .i( the surf.ice of the cell will 
cause changes tIilTering in no xx.iy from those protluced by a gre.it 
x’arietx' of chemic.il cx'tolx tic .igents. 

The more penetrating bel.i rays, the g.imm.i, and X-rays 
a|)|)e.ir to be so slightIx' ab.sorbed at the surf.ice of cells which are 
freeix' expensed to them that they can produce little or no elTect. 
Richards (15) tested the i)ermeability of x arious eggs and of Arcni- 
cola larx*a‘ after an exposure to X-ra\*s and found no evidence of 
any increase. I hax e shoxx'ii that the rapid beta and the gamma 
rax's of radium do not act on the surface lax'er of Paramweinm. 
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But it has been demonstrated that very definite proportions of 
these rays are actually absorbed by cells of deep-lying tissues. 
And histological study shows that such cells after radiation im¬ 
bibe water, swell considerably, and undergo degenerative changes 
which have all the appearance of a typical cytolysis. It is appar¬ 
ent, then, that any kind of rays which are absorbed produce the 
same effects. But these more penetrating rays differ from the 
less penetrating types in this respect, that they are also able to 
bring about degenerative changes in the interior of the cell, par¬ 
ticularly in the nucleus, which the latter, because of their slight 
penetrating power, are unable to produce. 

I have mentioned the fact that a brief radiation with the slow 
beta rays produces an acceleration in the division rate of Paramce- 
ciiim. This effect is not restricted to the action of these par¬ 
ticular rays, for all the radiations of radium, as well as X-rays, 
can produce this result if the proper exposure is made. This has 
been demonstrated in a great \'ariety of cases, some of which have 
already been cited. According to Lillie (i6) such acceleration is 
the direct outcome of increased permeability, for this condition 
allows a freer interchange of CO2 and 0 through the surface layer 
and a consequent hastening of all metabolic activities. It may 
be possible, therefore, that all cases of stimulation following 
exposure to radium radiations and to X-rays can be explained on 
this basis. 

Summary. 

1. The susceptibility of ParaUiceciiim to radium radiations 
(chiefly the slowest beta rays) varies with the temperature at the 
same rate as do physiological reactions of various kinds. 

2. The susceptibility also varies directly with the degree of 
permeability of the surface layer of the cell. 

3. The slow beta rays act on the surface layer of the cell, in¬ 
creasing its permeability, and if allowed to act long enough, 
causing a typical cytolysis. In this respect they resemble other 
types of radiant energy, and diverse chemical cytolytic agents. 

4. Cells which have a relatively high permeability are more 
susceptible than those having low permeability, for the cytolytic 
action of the rays is quickly followed in the fonner by a cytolysis 
which is irreversible, while in the latter it is reversible. 
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5. It is suggested that this increase in permeability, following 
brief exposures, is the cause of the acceleration in division rate 
seen in Paramcecium and in other cells and tissues. 
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